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INTRODUCTION 
The scientific knowledge which forms the basis of prac¬ 
tical agriculture has been thoroughly enriched in the last 25 years, 
with the result that farmers can grow more crops on the same areas 
with considerably more net income. This achievement is due in 
great part to the persistent work of agricultural scientists able 
to interpret their findings into praotioal use for farmers. 
However, some of these researches have not reached the 
praotioal stage. Scientists are still investigating the important 
problem of supplying phosphorus to the plant. 
The unique important source of phosphorus in the earth's 
orust is apatite, a mineral found in almost all igneous rooks, in 
some pegmatite veins or in some apatite veinst it occurs in all 
soils and also in sediments. Under natural oover, it will go slow¬ 
ly into solution to be absorbed by organisms and returned to the 
soil to form secondary or vadose phosphates to be used again by 
A 
organisms. 
With a system of intensive agriculture the native supply 
of phosphorus becomes insufficient, and it must be brought from 
other sources. This creates a problem of distribution and trans¬ 
formation of natural apatite into forms available for plant use. 
But plants seem to differ in their ability to absorb 
phosphatesi some of low uptake ability need an abundant supply, 
while others can use the phosphorus from the rook phosphate itself. 
This has been proved as early as 1895 by Merril and Jordan (26) 
and by Wheeler (51). Truog (48) explained this Individuality by 
the internal aeidity of the roots. 
On the other hand, soils have the property of converting 
the soluble phosphate into an insoluble or unavailable form. The 
literature dealing with phosphorus fixation dates back to 1859 with 
Way’s experiment (3) and the possible effeots of the oxides of iron 
and aluminum as early as 1868 (11). At the present time, fixation 
is explained by two different meohanismst adsorption and chemical 
precipitation. 
The supporters of the first view ( 24,29,37,43,15,34,47, 
50,58,7,12,12,20,31,33,42,27) and, very recently. Low and Black (23) 
believe that surfaoe adsorption can partly explain the fixation. 
Sieling (45), Brown (3), Coleman (7), Davis (ll), Heok (17), Hibbard 
(18), Teaokle (46), Chani and Islam (4) believe that ohemioal pre¬ 
cipitation by hydrated iron and aluminum oxides accounts for the 
greatest part of phosphate fixation in soils. 
Generally, these investigators do not pretend to explain 
by one mechanism only the fixation of huge amounts of phosphorus, 
although there is a very high correlation between the silica-sesqui- 
oxyde ratio and the phorsphorus fixed. 
Until now these two problems of plant uptake ability and 
soil fixation have been overcome by expansive fertiliser treatment 
» 
and liming, while an appreciable amount of research had to be con¬ 
ducted for their intelligent use. "In 1949 the total consumption 
of P2O5 la fertilisers in United States was about 2,268,000 tons, 
oompared to 246,000 tons in 1900 and 762,000 in 1940." (30). Im- 
3 
proper management and fixation by the eoil aooount for a considerable 
lose; this is estimated by some observers to be from 80 to 86$, These 
data show the urgent need for solving the phosphorus problem. One 
practical solution involves the recovering of phosphorus already 
fixed in the soil. 
In 1948 Swenson, Cole and Sieling (45) determined that 
the precipitates formed at pH's 3 and 4 (boiling temperatures) were, 
respectively, a basic iron and aluminum phosphates. Later in 1950, 
using X-ray diffraction identification technique. Cole and Jackson 
(6) identified precipitates prepared at room temperature as being 
identical with those prepared at hot plate temperatures. The pre- 
oipitates were identified as the basic aluminum phosphate—variscite, 
and the basic iron phosphate—strengite. Cole and Jackson (6) shortly 
after determined ,the solubility product of variscite as well as the 
solubility of certain complex salts K A^GHjHgPO^ OH assumed by the 
same authors to be formed in the soils when potassium is present in 
unusual quantities. 
Very recently. Low and Black (23) proposed that fixation 
was a two-step reaction leading to the formation of two different 
compounds. At the same time, Haseman (16) stated that variscite 
and strengite oould be formed by the first reaction, in soils having 
low oonoentrations of monovalent cations. In soils having high 
» 
oonoentrations of these, compound members of an isomorphous series 
with general composition (H,Na,K,NH^)Pe,Alj PO^.nH^O would be 
formed. 
The effect of organic matter or manure on the availability 
c 
-4- 
of phosphorus was well known* Struthers and Sieling (44) determined 
to what extent the organio acids would prevent phosphate precipitation* 
Their results show clearly the magnitude of this action in whioh 
citric was particularly effective* If a chemical equilibrium is in¬ 
volved in the prevention of phosphate preoipitation, then the re¬ 
verse reaction, namely, solubilisation of phosphate from the pre¬ 
cipitated salt, must be postulated* 
The objective of this study was to determine the solubili¬ 
sing effect of citric acid on the phosphate salts—varisoite, stren- 
gite, minyulite, tarakanite—synthesised by Cole and Jackson (6). 
-5' 
PERTINENT LITERATURE 
The literature showing the effectiveness of organic matter 
on the amount of available phosphorus in the soil proves that nature 
has provided a way of restoring its fertility* 
Jensen (19) stated that the solubility of phosphoric acid 
in certain soils is measurably increased by the addition of green 
manure* He attributed this action to the inorganio salts contained 
in the organic substances and their extracts and to the solvent 
action of the soluble compounds formed during organic deoomposi- 
tion* 
Lohse and Ruhnke (21) observed that organic matter seems 
to have a marked effeot in preventing or retarding conversion of 
soluble phosphates into more difficult soluble compounds* Rahn 
(32) found that manure greatly aided the penetration of phosphates 
into soils* MoGeorge et al (26) found that organic manures gave 
excellent crop response and were valuable when applied with phos- 
phate fertiliser* 
Midgley and Dunklee (28) report that plant response to 
phosphorus applied with manure was far better than either one 
used separately* Metzger (27) accounts for the greater avail¬ 
ability of phosphate in surface layers of soils as compared to 
♦ 
that in subsoils by a reducing action of organic matter* Heck (17), 
working with lateritic soils, found more available phosphorus in 
the dark soils rioh in organic matter than in the red and yellow 
soils* 
-6- 
Copeland and Merkle (9) found a decidedly marked influence 
of biologioally active organic matter present in manure on the 
availability of applied phosphates* Doughty (14), in his work on 
natural humus, concludes* evidence shows that soil organic matter 
as such has only a minor role, if any, in the formation of phos¬ 
phorus in difficult available form, when soluble phosphate ferti¬ 
lisers are applied to a soil." 
• t 
Dalton (10) found in his greenhouse experiment that the 
addition of rook phosphate, together with organic matter, in each 
case resulted in an inorease in phosphate taken by the plant. How* 
ever, organic matter alone gave remarkable results, and the effect 
obtained with rock phosphate may have come entirely from it. De 
Vries and Hettersohis (13), using varying strengths of laotio and 
oitrio acids, found some parralleliam between the amounts of phos¬ 
phorus extracted and the combined quantities of iron and aluminum 
removed. 
Steele (42), studying the effect of different anions on 
the adsorption of phosphates, reports that citrate, malate and 
humate ions were effective in preventing retention of phosphates. 
Russel (36), in his greenhouse experiment, noted a greater uptake 
of phosphorus when citrate was added in small quantities to soils 
of pot cultures. Sieling (41) attributed the effectiveness of 
organic matter to occupancy of the coordinated valences of the 
aluminum by organic anions that are not replaoed by the active 
phosphate ions. Swenson, Cole and Sieling (45) have shown that 
the organic anions vary in their effectiveness to prevent phos- 
phate precipitation and also that the most effective anions were 
those which were known to form stable complexes with iron and 
aluminum. They suggested that active anions are known to be pro¬ 
duced by microorganisms during the decomposition of organic 
matter in soils; among them is citrate. 
Struthers and Sieling (44) in a further publication have 
shown that the greater effectiveness of citrate to prevent phos¬ 
phate precipitation by iron was between pH 4 and pE 6, when 90 to 
95> of the phosphate remained in solution# In the aluminum system, 
0.6 millimole of citrate could prevent precipitation when one 
millimole of aluminum and phosphate were present. They concluded 
that the effectiveness of these different organic anions in pre¬ 
venting precipitation varies with their respective pH*s; some will 
be effective at an acid range of pH 6 or 6 and others at the neu¬ 
trality point or above. The greatest effectiveness of the anion 
in this matter corresponds to the pH of greatest stability of 
the metal-ion complex as shown in the case of the oitrate-ion 
system. The oomplexing ability of oitrate increases from pH 3 to 
pH 4,8 and decreases from there to pH 7,6, The authors suggest the 
interesting hypothesis that within the entire pH range of values 
for oultivated soils some organic anions are effeotive in prevent¬ 
ing the precipitation of phosphate. 
EXPERIMENTAL 
Struthers and Sialing (44), in their work on organic 
acids, have used boiling temperatures to shorten the time of 
equilibrium in the solution, assuming that the reactions, however, 
would proceed to completion at room temperature. This procedure, 
although in accord theoritically with the laws of chemistry, may 
not give a true picture of the speed and behavior of the reaotion 
under field conditions. It is well known that soil temperatures 
seldom reaoh 100° F. In order to hasten the equilibrium at lower 
temperatures a stirring device was used. 
A. Description of Apparatus. 
The apparatus used in this experiment was a multiple 
stirrer fixed over a constant temperature bath. Detachable glass 
stirring rods with "L” shape, moving at 200 R.P.M. provided suffi¬ 
cient agitation to keep the salts from depositing at the bottom 
of the beakers. Figure 1 shows the apparatus set up for operation 
B, Procedure. 
1• Preparation of solutions. 
A hundred milliliters of freshly prepared citric acid 
of a known mlllimolar concentration was pipetted into 400 ml. 
beakers. A volume of standard KQH, as determined from the titra¬ 
tion curve of citric acid, was added to bring the solutions to 
the desired pH's. The solutions were diluted to a volume of 200 
milliliters. A known amount of the phosphorus salt under study 
9- 
waa added. After stirring for a definite time, solutions were 
▼acum filtered through macerated Whatman no 42 paper into Gooch 
crucibles* The solutions were diluted to 260 ml. in volumetric 
flasks. An aliquot was taken and the phosphate content determined 
colorimetrieally by an adaptation of the Sherman method (40). 
For the solubility determination at boiling temperatures, 
the oitrio acid was pipetted into a 260 m. Erlenmeyer flask adjusted 
to the desired pH with KOH and diluted with water to 200 ml. 
Solutions were boiled for a definite time under a reflux condenser, 
vacuum filtered, diluted to volume and analysed for phosphorus by 
the same method. All experiments were run in duplicate and some 
repeated* pH values from 3 to 7 were investigated. 
2. Salts. 
The phosphate salts used in this study were synthesised 
and identified by X-ray diffraction technique by Cole and Jackson 
(6).* These salts are listed in table 1, together with their 
total phosphorus contents. The formulas shown are the ones assumed 
for pure salts. 
Table 1• Total Phosphorus Analyses and Phosphates Used in 
this Investigation. 
Salts Formulas P content(%)* 
Variscite Al(0H)2HgP04 19.4 
Strengite Fe(0H)2H2P04 16.9 
Minyulite K A1(0H)2H2P04 OH 18.2 
Tarakanite K A1(0H)2H2P04 OH 18.4 
• 
Utahlite Al(0H)aH»P04 16.6 ♦ betermined 
- 
1 The author is indebted 
phosphates included in 
to Dr. Vernon Cole 
the above table. 
for furnishing the 

3. Time of contact 
Struthers end Staling (44) have shown that citrate waa 
very affective in preventing precipitation of phoaphoru* by alumi¬ 
num. On the other hand. Cola and Jaokson (6) found that the iso¬ 
electric point of variaoite was pH 4. In order to determine a 
practical time of stirring, citric acid was tried with variaoite 
at pH 4 for different intervale of time. Half a millimole of 
oltrio was then used with a weight of phosphorus salt equivalent 
to 0.5 millimole of phosphorus oaloulated from the phosphorus 
content of the salt (table l). The equilibrium pH*s varied from 
« • • » 
3.92 to 3.98 with temperature constant at 25°C. (Fig. 2 and Table 2). 
Table 2. Effeot of Time of Contact on Solubilisation of Phosphorus 
from Variaoite ♦ in Citrio Aoid at pH 3.92 to & 98 and 
25°C. (0.5mmole of phosphorus and citrio aoid per 200 ml.) 
Time 
(Hours) 
Phosphorus solubilised 
mg. 
Phosphorus solubilised 
1 1.06 
• 
6.8 
3 1.21 
0
0
 
•
 
•
 
5 1.31 
• 
8.3 
7 1.38 
* 
8.9 
• • 
10 1.45 
* 
9.3 
12 1.55 10.0 
* * 
14 1.56 
4 
10.1 „ * 
18 1.68 10.2 
• 
21 1.60 
• 
10.3 , 
41 1.96 12.6 
* $ of total phosphorus added 
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Figure 2 shows that after 14 hours the rate of solu¬ 
bilisation remains oonstant. On the basis of these data, it was 
deoided to run all experiments for 16 hours, since it is also a 
good overnight workable time. 
4. Anion concentration. 
Bass and Sieling (l),in determining the relative phos¬ 
phate fixing capacity of acid soils, have shown that a greater con¬ 
centration of citrio acid increased the phosphorus extracted from 
a given soil. It was thought that the solubilisation of these 
phosphorus salts would vary with the concentration of the citric 
acid. Table 3 shows that a ratio of as much as 5 to 1 of citrio 
acid to phosphorus content does not increase the phosphorus solu¬ 
bilised any more than when the ratio is only 1 to 1. 
Table 3. Effect of Citrio Acid-Phosphorus Molecular Ratio and 
pH on Solubilisation of Phosphorus in Varisoite at 25°C. 
Ratio 1 to 1 
Phosphorus solubilised 
El** 
Ratio 
Phosphorus 
PH 
5 to 1 
solubilised 
%* 
2.98 10.2 5.06 10.2 
3.94 10.0 4.00 10.2 
• 
4.96 10.4 6.00 9.8 
5.96 11.0 6.00 10.5 
6.64 12.7 6.66 11.5 
* % of total phosphorus added. 
* ' • 9 
Consequently, the ratio 1 to 1 (i.e., 0.5 millimole of 
phosphorus to 0.6 millimole of citric acid) was used through the 
» 
investigation. 
14 
RESULTS AND DISCUSSION 
Swenson, Cole and Staling (46) have shown the effect of 
• 1 * « 
pH on the combination of the B^PO^-ion with iron and aluminum in 
l solution* The maximum preoipitation of phosphate ooourred in the 
* • 
aoid region of pH 2*5 to 2*5 for iron and 3*5 to 4*0 for aluminum. 
Cole and Jaokson (6) hare shown the similar properties 
of aluminum and iron in the varisoite-barrandite-strengite crystal 
series together with the similar properties of varisoite and 
strengite* They note that, consequently, the conclusions on the 
effects of aluminum activities in soils on the equilibrium con¬ 
centration of phosphate in soil solutions may be extended to in¬ 
clude iron activities of soils* The effectiveness of citrate 
in preventing phosphate preoipitation with iron and aluminum has 
already been mentioned* 
The results of this investigation are somewhat in agree¬ 
ment with the preceding findings, although in some instances it 
may seem contradictory* Figure 5 (table 4) shows the solubility 
of the four synthesised salts at different pH’s (pH 3 to 7) at 
25°C* Varisoite drops to a slight minimum at pH 4 but increases 
in solubility at the higher pH’s* The aluminum-phosphorus-citrate 
. 
systems of minyulite and tarakanite showed little effect on the 
I . • • • 
phosphorus solubility as affected by pH in the range of 4 to 7. 
Strengite had a minimum at pE 3* 
At a temperature of 40°C* the solubility of all four phos- 
I 
phate salts (figure 4 and table 5) in contact with citric aoid 
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Fig. 3. Effeot of pH on Solubilization of Phosphorus 
from Various Phosphorus Salts in Contact 
with Citric Acid at SS^Centigrade. 
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Table 4* Bffeot of pH on Solubilisation of Phosphorus from 
Various Phosphorus Salts in Contact with Citric 
Acid at 25^ct 
Varisoite Strengits Tarakanite Minyulite 
pH * pH % pH * pH . * .... 
2*98 10.2 3.01 
1 
2.2 3.01 
* 
4.96 
i 
3.00 
• 
1.37 
# 
2.98 10.2 
« 
3.01 2.2 3.01 4.96 
* 
3.0 0 1.37 
3.90 10.0 4.02 2.6 4.06 0.12 4.05 0.24 
3.92 10.0 4.02 2.6 4.06 0.12 4.06 0.24 
4.97 10.4 5.00 2.3 5.00 
» 
0.12 
. 
5.0 0 0.17 
4.93 10.4 5.0 0 2.3 5.00 0.12 6.00 0.17 
5.92 11.0 6.01 1.8 6.0 0 0.41 6.00 0.12 
5.92 11.0 6.00 1.8 6.01 0.41 6.0 0 0.12 
6.69 12.7 6.87 1.9 
. 
6.90 
• 
0.76 
* 
6.90 
. 
0.17 
6.64 12.7 6.86 1.9 6.88 0.76 6.89 0.17 
’ T 3 ' ** 
/ 
pH 
Fig. 4 Effect of pH on Solubilization of Phosphorus 
from Various Phosphate Salts in Contact 
with Citric Acid at 40°Centigrade. 
b v 
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Table 5. Effeot of jgH on SolublIllation of Phoiphorus from 
Various phosphorus Salts in Contact with Citrio 
Acid at 40°C. 
Varisoite Strengite Tarakanite Minyulite 
pH * PH t PH *. pH 
2,97 13.0 3.0 
• 
3.2 3.01 30.4 3.01 
« 
13.4 
2*98 13.0 3.0 
i 
3.2 
• 
3.01 
• 
32.1 
« 
3.0 13.4 
5.96 
• 
12.6 5.98 
* 
7.4 
ft 
4.08 
• 
3.3 4.06 0.74 
• 
3.96 
• 
12.6 3.96 
• 
7.4 
• 
4.06 3.4 
• 
4.07 0.74 
4.96 13.1 4.97 
« 
6.6 
« 
3.01 
« 
1.8 
• 
5.0 
* 
0.46 
4.95 
ft 
13.0 4.95 6.6 
• 
5.0 1.8 
• 
5.01 0.46 
4 • 
5.97 14.0 
• 
6.0 4.5 6.01 1.7 6.01 
• 
0.42 
• 
5.96 15.7 6.01 
• 
4.5 6.02 1.7 6.0 0.42 
. 
6.66 15.8 6.85 
» 
3.9 6.92 ♦ 
3.6 6.9 0.53 
6.65 15.8 6.85 3.9 6,69 3.6 6.88 0.53 
was increased when compared with the solubility at 25°C. In 
general the order of magnitude remains the same as for 26°C, al¬ 
though the increase in solubility of varisoite is smaller pro- 
i 
portionally than the other salts. 
The action of the citrate anion to prevent the formation 
of basic aluminum phosphate was shown by Struthers and Sieling 
(44) and Bradley (2) at boiling temperatures. For the reverse 
reaction, solubilisation of phosphate, the data (figure & and 
table 6) show that the four phosphates have extremely different 
solubilities at boiling temperatures. Tar&kanite is entirely 
soluble. Strengite alone gives a close relationship to the curve 
« t 4 * 1 1 * 
of Struthers and Sieling on the prevention of precipitation by 
4 , « . » t* 4 
citrate. The pH of maximum solubility is 5.8 and the shape of 
<. « - ... > *• 
the curve is apparently the same. Varisoite behaves differently 
* t ' M « 
at the higher temperatures. The maximum solubility is at pH 6.6, 
although the inflection point still persists around pH 4, Minyu- 
. . » , 
1 * » * 
lite and tarakanite, which have similar solubilities at 25°C. 
, » « f 
and 40°C., show quite different solubilities at boiling tempera¬ 
tures. It is important to note that Colo and Jackson (6) have 
observed minyulite to be transformed to variscite when equilibrated 
for three weeks in an aqueous suspension at room temperature. 
The great minimum in the solubility ourve of minyulite indicates 
the transformation to varisoite in 16 hours at boiling tempera¬ 
tures. 
Figure 6 compares at boiling temperatures the effect of 
oitrio acid on phosphorus solubilised from varisoite and strengite 
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Fig. 5. Effect of pH on Solubilization of Phosphorus from 
Various Phosphorus Salts in Contact with Citric 
Acid at Boiling Temperatures. 
Table 6. Effect of pH on Solublliiation of Phoaphorus from 
'Various Phoaphorus Salta in Contact with Citric Acid 
at Bolling Temperatures. 
Tarakanite Strengite Variaolte Minyulite 
pH pH %■ . PH f pH % 
3.05 16.1 2.96 26.8 • • 
2.98 100 3.02 12.6 2.97 26.8 3.1 57* 7 
* 3.09 20.6 • 
3.0 100 3.08 19.3 • 3.12 61.6 
• 3.82 47.1 3.81 31.9 • 
• 
3.8 100 34 80 4146 3481 36.7 3.99 39.7 
* 3.65 48.7 3.82 36.2 
3.8 100 3482 40.8 3.82 36.2 3.97 47.1 
• 
4.62 75.6 4.48 59.0 
4.38 100 4*48 72.3 4.46 57.1 4.96 54.6 
4.72 78.2 4.4 56.6 
« 
4.35 100 4.48 72.7 4.5 61.2 4.99 63.6 
• 6.77 78.1 5.62 44.7 
6.0 100 6457 80.6 5.5 66.0 6.48 46.2 
6.71 80.0 5.84 69;7 
6.0 100 6.47 82.0 5.81 69.7 6.41 42.8 
« 
6;98 64;5 6;64 72.0 
6.72 100 6i92 64.5 6.62 73.0 7.62 39.2 
• 6; 68 7i;3 6i7 71.0 
• 
6.75 100 6.33 63.3 6.7 71.0 7.75 45.7 
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Fig, 6, Solubility Curves of Phosphorus Obtained from 
Precipitation and Solubilization Reactions of 
Two Sources of Variscite and Strengite, 
(Boiling Temperatures) 
23- 
and the phoaphorua prevented from precipitation with aluminum and 
iron aa found by Struthera and dialing (44)* The ration of oitrio 
aoid to phoaphorua were the same for strengite, variaoite and 
iron, i.e. , 1 to lj however, the ratio was 1 to 4 for aluminum 
in Struthers and dialing's ourve (44)• 
Solubility of variaoite mineral 
A selected sample of mineral varifoite (utahlite) * was 
ground in a mortar* The solubility was determined at different 
pH's at 26°C. It was found to decrease in solubility from pH 5 
• i 
to 6.8, whereas Cole's sample of variaoite increases (figure 7), 
The difference in behavior of Cole's variaoite may be due to a 
difference in composition brought about by the presence of 
i i ► 1 » * 
different bonding energies of the phosphates present. 
k ' 
1 P ' • 4 
* 0 j * 
, , Referring to figure 2, a high rate of solubility is 
•' * - ^ • 
observed in the first hour for Cole's variscite. It may be that 
this unusual rate oould be accounted for by saloid bound phos¬ 
phate. An amount of salt containing 0.5 millimole of phosphorus 
was washed three times with 1% NaCl solution. The amount of 
saloid bound phosphorus removed was 6.6$. 
Over a period of one to twelve hours, the rate of solu¬ 
bilisation is continually ohanging. Apparently the rate of solu¬ 
bilisation remains constant thereafter. Two explanations may 
be advancedi (l) the salt contains another kind of phosphorus 
involving a different bonding energy? (2) the reaction taking 
plaoe is a second order reactions 
The last explanation is particularly difficult to 
3 4 5 6 7 
pH 
Fig. 7# Phosphorus Solubilization Curves at 25°C 
of Natural Variscite (utahlite). Cole’s 
Varisoite and Cole’s Variscite washed 
with 1% NaCl. 
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prove, since the reaction is far from completed after 41 hours. 
It is probable that a thousand hours of stirring would complete 
the reactionj but the volume of the solution would undergo an 
important ohange by evaporation and the calculations on the basis 
of concentrations (liters moles "* sec”*) would not be possible. 
The only way to determine the order of reaotion would be to con¬ 
trol the volume and to purify the salt by electrodialysis or 
dialysis so that the concentrations of the reacting substances 
would be the same at sero time. 
The first explanation led the author to wash two grams 
* 
of Cole's variscite with 500 ml. of 1% NaCl in order to remove 
an important fraction of the salt so that the remaining would 
be pure. This sample was washed free from chloride with hot 
water, dried at 80°C. and analysed for phosphorus. The percentage 
of phosphorus in the fraction was increased from 19.4$ in the 
original sample to 21.97&. The solubility was then determined 
again as a function of the pH at 25°C. There is some similarity 
between utahllte and Cole's washed variscite (figure 7) as far 
as the general trend is concerned. The solubility of both de¬ 
creases with an increase in pH, although tha percentage of phos¬ 
phorus solubilised is not the same. 
Reference to the aolubilities of each salt at differ- 
» 
ent temperatures may incline the reader to believe that the dis¬ 
crepancies between 25°C. and 40°C. on the one hand and the boiling 
temperatures on the other hand are significant. They are possibly 
dua to the equilibrium time of reaction. The fact that some of 
-26- 
the maximum* and th* minimum* observed at low temperatures do 
not agree with those at boiling temperatures does not necessarily 
imply a different behavior. The stirring time was not an equili- 
* 
brium time but only a workable time. If the reactions had been 
permitted to proceed longer, similar curves may have been ob¬ 
tained. 
Figure 7 shows that the solubility curve for strengite 
follows the same trend as Struthers and Siding's curve for 
phosphorus prevented from precipitation by citric acid for the 
ratio of iron to phosphorus 1 to 1. In the oase of variscite 
and Struthers and Siding's aluminum curve, the ratios citrio 
acid to phosphorus are not the same (l to 4), but the slopes of 
the curves from pH’s 4 to 6.6 are approximately the same. 
Another factor which may modify the results is the 
variation in composition. Cole's variscite contained 6.6^ of 
saloid bound phosphorus and strengite only 0§38$, Struthers 
8nd Sieling (44) had washed out the saloid bound phosphorus be¬ 
fore determining the phosphorus content. 
The degree of hydration and age of the salts may change 
their behavior under certain conditions. Previous observations 
of Cole and Jackson (6) and Haseman (16) suggest that the com¬ 
pounds formed in the soil may be more soluble due to a high®* 
degree of hydration and their colloidal character. Cole and 
Jackson (6), after preparing iron and aluminum phosphates, found 
that these compound* were amorphous when subjected to JC-ray 
analysis but gave definite electron diffraction patterns. Haseman 
27 
(16),explaining the two-step reaction in the fixation of phos¬ 
phorus, proposes that the phosphate ions would combine with 
superficial ions of aluminum that are held at the extremities of 
the lattice. He added that "the product of this reaction in¬ 
itially is relatively soluble and presumably is readily avail¬ 
able to plants, but its solubility decreases gradually as a 
result of crystallisation and partial dehydration to form phos¬ 
phates similar to palmerite, varisoite and strengite." The 
formation of a crystalline gel by preoipitation of phosphates by 
aluminum or iron is an important transition leading to the 
formation of the salts by dehydration or aging. The amount of 
water of hydration in variscite may oonsistantly modify its 
solubility and make comparisons difficult with another sample, 
Soarseth and Tidmore (39) observed that the efficiency of $plied 
phosphates decreased with time. On the basis of Haseman’s cited 
statement, this observation may be explained by the dehydration 
of the colloidal phosphate. In addition to the solubilising 
effect, the preventive action of organic matter could be attri¬ 
buted to the protective action of some hydrophilic colloids on 
the crystalline gels formed* The protective action of organic 
matter in the case of clays is well known and also the effect 
of caloium on the stability of the humus-clay complex. 
SUMMARY AMD CONCLUSIONS 
Solubility studies of four basic phosphate salts have 
been performed at 26°G., 40 °C. and boiling temperatures. These 
salts—varisoite, strengite, minyulite and tarakanite—have been 
found alowly soluble even at the pH of their respective iso- 
eleotrio points. 
Equilibrium time of reaction, variation in composition 
and hydration seem to be the factors responsible for a laok of 
definitive correlation with Struthers and Sieling's work (44). 
These results imply that citric acid produced by the 
decomposition of organic matter will have a solubilising effect 
on the inactivated phosphates in soils. The possibility is 
discussed that organic matter may also exert a protective action 
against the dehydration and aging of the fresh gel produced 
i ’ * * * 
by the precipitation of phosphates present in soils. 
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